INTRODUCTION
Efficient catalytic reduction of dinitrogen at room temperature and 1 atm is one of the greatest challenges in chemistry. In nature dinitrogen fixation is carried out by nitrogenases, of which the best known and most studied is the FeMo nitrogenase. 1, 2, 3, 4 The FeMo nitrogenase consumes eight protons and eight electrons to yield two equivalents of NH 3 and a minimum of one H 2 per N 2 reduced, a 75% yield of ammonia relative to electrons consumed. Determination of the structure of the FeMo nitrogenase by X-ray diffraction triggered much discussion and speculation concerning the mechanism of dinitrogen reduction, 5, 6 but it is still unclear at what metal site (or sites) and exactly how dinitrogen is reduced.
Since the the report of the first dinitrogen complex ([Ru(NH 3 ) 5 (N 2 )] 2+ ) by Allen and Senoff in 1965, 7 hundreds of dinitrogen complexes have been prepared that contain transition metals belonging to Group 4−10; palladium and platinum are the only exceptions. 8 In the 1960s the groups of Chatt and Hidai uncovered principles of reduction of dinitrogen to ammonia at a single metal center employing Mo(0) and W(0) dinitrogen complexes. 9, 10, 11, 12 They were able to show that dinitrogen can be reduced to ammonia at a single metal center with the electrons being supplied by the metal, but catalytic reduction of N 2 to NH 3 was never achieved.
To date, only two systems are known that effect catalytic reduction of dinitrogen under mild conditions. The first was reported by Shilov. 13 It requires a mixture of Mo(III), Mg(OH) 2 , and a strong reducing agent such as Ti(OH) 3 in a protic solvent (MeOH). Although the reaction is catalytic in molybdenum, dinitrogen is not reduced directly to ammonia, but to hydrazine, which is then disproportionated partially to dinitrogen and ammonia. A typical ratio of ammonia to hydrazine in the product is 1:10. The second catalytic process has been developed in our group during the last decade. 14, 15, 16, 17 Catalytic reduction of dinitrogen directly to ammonia at room temperature and ambient pressure was achieved at a single Mo center protected by a sterically demanding, hexaisopropylterphenyl-substituted triamidoamine ligand, [(3,5-(2,4,6-i-Pr 3 C 6 H 2 ) 2 C 6 H 3 NCH 2 CH 2 N) 3 Eight of the proposed intermediates (1, 2, 3, 4, 7, 8, 12 , and 13; Figure 1 ) in the catalytic cycle have been characterized crystallographically. 14, 15, 16 The species that contains no ligand in the apical position (14) is not an intermediate in the catalytic reaction. (Compound 14 still has not been observed, although it is proposed as an intermediate in slow (t 1/2 ~ 35h) dinitrogen exchange in 1.) Instead, ammonia in 13 is displaced by dinitrogen to reform 1. Several isolated species could be employed for catalytic N 2 reduction. Synthesis and investigation of several variations of the [HIPTN 3 N] 3ligand system 19, 20, 21 have suggested that sterically less demanding ligands can lead to a decrease in the efficiency of dinitrogen reduction, or even loss of catalytic activity entirely. 22, 23 [HIPTN 3 N]Mo complexes are currently the most efficient catalysts. DFT calculations with the full ligand support the proposed mechanism for dinitrogen reduction. 24 In our quest for alternatives to the [HIPTN 3 N] 3ligand we entertained the idea of a variation in which the 2,4,6-triisopropylphenyl groups in HIPT would be replaced with 2,5diisopropylpyrrolyl groups. The amido substituent would then be 3,5-(2,5diisopropylpyrrolyl) 2 C 6 H 3 (dipyrrolylphenyl or DPP). The DPP group should be effectively slightly smaller than a HIPT group since a five-membered (pyrrolyl) ring replaces the sixmembered phenyl ring, and of course could also be electronically different from HIPT. Since an amido ligand is protonated in the [HIPTN 3 N] 3ligand system in the process of dinitrogen reduction, we also felt that there might be some possibility that the pyrrolyl rings could compete with the amido nitrogens as bases, most likely through protonation of a pyrrolyl at an α or β carbon atom. Therefore, a protonated ligand might be formed in the [DPPN 3 N] 3ligand system that would not be as prone to being lost from the metal as in the [HIPTN 3 N] 3ligand system.
The synthesis and structures of several complexes that contain the [DPPN 3 N] 3ligand system are reported here.
Results and Discussion

Synthesis of (3,5-(2,5-diisopropylpyrrolyl) 2 C 6 H 3 NHCH 2 CH 2 ) 3 N (H 3 [DPPN 3 N]).
The protonated ligand (H 3 [DPPN 3 N]) was synthesized in five steps from 1,3dinitrobenzene and 3-methyl-2-butanone. 1,3-Dinitrobenzene was brominated and reduced to yield 1,3-diamine-5-bromobenzene (15), 25, 26 while 3-methyl-2-butanone was converted via a radical C-C coupling to 2,7-dimethyloctane-3,6-dione (16) . 27 28, 29 The methylene protons of the TREN backbone in particular are shifted towards higher field (-15.5 and -86.6) and broadened, while the proton resonances of the isopropyl groups as well as the pyrrolyl protons are relatively sharp and in the expected diamagnetic region. Only one of the aryl proton resonances could be detected.
An X-ray diffraction study of 19⋅2[(C 2 H 5 ) 2 O] showed it to have the structure shown in Figure 2 . The molybdenum(IV) atom exhibits approximate trigonal bipyramidal coordination geometry, with the substituted TREN ligand coordinated via the three equatorial amido nitrogen atoms (N(1), N(4), and N(7)) plus the axial amine nitrogen (N(10)). The second axial site is occupied by chloride. As usually is found in triamidoamine compounds of this general type, 15 the Mo sits slightly above (0.330(5) Å) the plane defined by the three equatorial amido nitrogens.
As expected, the 2,5-diisopropylpyrrolyl rings lie perpendicular to the phenyl ring.
Synthesis of [Bu 4 N]{[DPPN 3 N]MoN 2 } and [DPPN 3 N]MoN 2 .
A deep green solution was obtained after several hours upon reduction of 
The structure of 20 was determined through X-ray diffraction ( Figure 3 in which the cation also does not interact with the N 2 ligand. 15 The followed by IR spectroscopy, the expected N 2 compound could be observed as the reaction proceeded, but over a period of several hours it decomposed roughly as rapidly as it was formed.
Therefore it appears that a fast-acting oxidizing agent is required in order to reduce the reaction time to a minimum.
IR and NMR studies are fully in agreement with the proposed nature of [DPPN 3 N]MoN 2 .
In C 6 D 6 the ν NN stretch is found at 1993 cm -1 , which is virtually the same stretching frequency as is found in [HIPTN 3 N]MoN 2 (ν NN = 1990 cm -1 ). 15 It is clear from qualitative observations that 15 (Only four data points over a period of ~2 half-lives could be obtained at 2 atm, so the error could be larger than apparent.) The 15 N 2 / 14 N 2 exchange is clearly pressure dependent, probably to the first order in dinitrogen. A facile exchange and a pressure dependence in the [DPPN 3 N] 3- system contrasts to what is found in [HIPTN 3 N]Mo 15 N 2 , where t 1/2 for N 2 exchange is ~35 h at 1 atm and the exchange rate is independent of pressure at up to ~4 atm. 22 Apparently, since the five-membered 2-5-diisopropylpyrrolyl ring is operationally smaller than the 2,4, (22) . (The amount of 22 was determined through integration of the pyrrolyl resonances at 5.83 ppm for 22 and 6.19 ppm for 21.) Compounds 21 and 22 appear to cocrystallize, and therefore are unlikely to be separable through recrystallizations. We propose that 22 is formed through direct reduction of protons by 21. Some attempted protonations in the parent system also led to formation of the dinitrogen complex instead of the [HIPTN 3 N]MoN=NH complex, or to mixtures of the two. 15 We reported that [HIPTN 3 
Synthesis of [DPPN 3 N]Mo=N-NH
Addition of a solution of [Et 3 NH][BAr
N]MoN=NH decomposes slowly in benzene to
[HIPTN 3 N]MoH via a first-order "β-elimination" process (k = 2.2 × 10 -6 s -1 , t 1/2 = 90h at 61°C); 15 it is stable indefinitely in C 6 D 6 at 22 °C. In contrast, [DPPN 3 N]MoN=NH in C 6 D 6 decomposes over a period of fourteen days to the extent of about 10-20%, but no decomposition product could be identified. After 24h at 60 °C the N=NH proton resonance could no longer be observed, but again no decomposition product could be identified. Addition of collidine (2,4,6- trimethylpyridine) to [DPPN 3 N]MoN=NH did not lead to rapid decomposition, but over the course of two weeks at room temperature, [DPPN 3 N]MoN=NH decomposed completely, in contrast to only 10-20% in the absence of collidine. Therefore, decomposition does appear to be accelerated to some degree in the presence of collidine.
In the [CF 3 Hybrid]Mo 15 N= 15 Under 1 atm of dinitrogen a first order reaction (in Mo) was found to have k = 1.1x10 -6 s -1 (t 1/2 ≈ 7 days) at a concentration of 4 mM in C 6 D 6 . The 15 N/ 14 N exchange reaction was also investigated at 2 atm of dinitrogen, but no pressure dependence was found (k = 1.4x10 -6 s -1 , t 1/2 ≈ 6.6 days likely to be an intermediate in a mechanism of dinitrogen analogous to that shown in Figure 1 for the HIPT system. Crystals of 23 suitable for X-ray diffraction were grown from a mixture of benzene and pentane at -30ºC. The result of the structural determination is shown in Figure 5 .
The molybdenum(IV) has a trigonal pipyramidal coordination geometry, with the N=NH 2 values are summed (332°); we conclude that the beta nitrogen is not planar in 23.
Syntheses and Structures of [DPPN 3 N]Mo≡N and {[DPPN 3 N]Mo≡NH}[BAr f 4 ]
Heating dimethyloctane-3,6-dione were synthesized according to standard literature procedure. 25, 26, 27 The catalytic reduction of dinitrogen was performed according to a previously reported procedure. 17 at 50-60ºC in vacuo. The solid residue was extracted several time with diethyl ether (total volume 150 mL) and the extracts were filtered through Celite. The volume was reduced to 50 mL and 50 mL of pentane were added. The resulting suspension was stored overnight at -30ºC.
The product was filtered off and rinsed with pentane to afford the product as orange powder; cm -1 1927 (ν15 N 15 N Crystals for the X-ray study were grown from a benzene solution, which was covered by a layer of pentane and stored at room temperature for one day and for several days at -30 ºC. as disordered over two positions. The ratios between the two components of all disorders were refined freely, while the sum of occupancies for every two related components was constrained to unity. Similarity restraints on 1-2 and 1-3 distances and displacement parameters as well as rigid bond restraints for anisotropic displacement parameters were applied to all solvent molecules and to all fluorine atoms. In addition the atoms of one of the pentane molecules were restraint to behave approximately isotropic (within 0.04 Å 3 ). In spite of the disorders described above, the cores around the metal atom is well defined and coordinates for the two Mo N=NH 2 hydrogen atoms could be taken from the difference Fourier synthesis. These hydrogen atoms were subsequently refined semi-freely with the help of distance restraints, while constraining their isotropic displacement parameter to 1.2 times the value of U eq of the corresponding nitrogen atoms. The presence of a half occupied pentane molecule in the asymmetric unit leads to a noninteger number for carbon in the empirical formula.
[DPPN 3 N]MoN (24
Compound 24 crystallizes in the monoclinic space group P2 1 /c with two molecules of 24 and three benzene molecules per asymmetric unit. One of the two independent molecules of 24 is well behaved (only one isopropyl group is disordered), while the other one shows extensive disorder of all atoms of two of the three DPP arms. Similarity restraints on 1-2 and 1-3 distances and displacement parameters as well as rigid bond restraints for anisotropic displacement parameters were applied to all atoms where applicable. The ratios between the two components of all disorders were refined freely, while the sum of occupancies for every two related components was constrained to unity. None of the three solvent molecules is noticeably disordered and similarity as well as planarity restraints were applied to the solvent molecules in order to stabilize the convergence of the model.
Compound 25 crystallizes in the triclinic space group P1 with two molecules of 25 and six benzene molecules per asymmetric unit. One of the two independent 25 cations is well behaved (no disorders needed to be resolved), while the other cation shows extensive disorder of the three DPP arms, only some of which could be resolved. Most CF 3 groups in both [BAr f 4 ]
anions are disordered; for a total of six of them (three in each [BAr f 4 ]) the disorder could be resolved. Only one of the benzene molecules shows disorder over two positions. The ratios between the two components of all disorders were refined freely, while the sum of occupancies for every two related components was constrained to unity. Similarity restraints on 1-2 and 1-3 distances and displacement parameters as well as rigid bond restraints for anisotropic displacement parameters were applied to all atoms where applicable. In addition, planarity restraints were applied to the solvent models and the anisotropic displacement parameters of all fluorine atoms were restrained to behave approximately isotropic within 0.05 Å 3 . In spite of the many disorders, the cores around the metal atoms of both independent 25 cations are well defined and coordinates for both Mo-N-H hydrogen atoms could be taken from the difference Fourier synthesis. These two hydrogen atoms were subsequently refined semi-freely with the help of distance restraints, while constraining their isotropic displacement parameter to 1.2 times the value of U eq of the corresponding nitrogen atoms.
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